Wood anatomical data is presented for 29 southern African shrubby species representing eight genera (Aspalathus, Calobota, Crotalaria, Leobordea, Lotononis, Rafnia, Wiborgia, Wiborgiella) of the predominantly African tribe Crotalarieae (Fabaceae). The taxa examined share short vessel elements, exclusively simple perforation plates and vestured intervessel pits, i.e. the wood traits that are typical for many other genera of Papilionoideae. The loss of helical thickenings may be considered as a synapomorphy for Crotalarieae, with a reversal to this character state within Lotononis. Generally, the pattern of wood structure diversity within the Crotalarieae is related more to the growth habits of the plants and probably to environmental factors than to their taxonomy or phylogenetic relationships. All genera (except Crotalaria) and practically all species studied showed diagonal to dendritic arrangement of vessel groups, up to their fusion into large dendritic aggregations in Calobota species from arid (non-fynbos) regions. Some species from karroid scrubs (Calobota angustifolia, Calobota cytisoides) and fynbos (Aspalathus excelsa, Aspalathus linearis, Aspalathus nigra) show no dendritic vessel pattern, however. The banded axial parenchyma appears independently in three lineages of Crotalarieae, i.e. in Aspalathus + Wiborgia + Wiborgiella, Rafnia, and in crown species of Calobota. Lotononis s.str. and Leobordea show unbranched or weakly branched coarse vestures in their intervessel pits, whereas other taxa examined share the presence of vestures, appearing as strongly branched fine protuberances. Micromorphological characters of vestured intervessel pits are likely to be useful for the systematics of Crotalarieae.
Introduction
The tribe Crotalarieae comprises 16 genera and 1227 species of papilionoid shrubs and herbs. Known for its intricate generic relationships and high incidence of convergent morphological patterns, the group is subendemic to the African continent with the majority of genera and species confined to the Cape Floristic Region of South Africa (Van Wyk and Schutte, 1995; Van Wyk, 2005) . Morphological, chemotaxonomic and cytological studies over the last three decades have resulted not only in several taxonomic revisions of genera but also in a much better understanding of tribal and generic circumscriptions. Further insights into phylogenetic relationships resulted from molecular systematic studies (Boatwright et al., 2008a) , which showed the need for some modifications to the classification system.
Currently the tribe includes Aspalathus L. [282 species endemic to South Africa (Dahlgren, 1988) ]; Bolusia Benth. [6 species endemic to south tropical Africa (Van Wyk et al., 2010) ]; Calobota Eckl. & Zeyh.
[16 species -15 in southern Africa and one in North Africa ]; Crotalaria L. [702 species worldwide in tropical regions, with 497 species endemic to Africa (Polhill, 1968 (Polhill, , 1982 ]; Euchlora Eckl. & Zeyh.
[one species endemic to the Cape region (Boatwright et al., 2011) ]; Ezoloba B.-E.van Wyk & Boatwr. [1 species endemic to the Cape region (Boatwright et al., 2011) ; Lebeckia Thunb]. [14 species endemic to the Cape region (Le Roux and Van Wyk, 2007 , 2008 ]; Leobordea Del. [51 species, with 45 in sub-Saharan Africa and the remainder in North Africa and Europe to Pakistan (Van Wyk, 1991; Boatwright et al., 2011)] ; Listia E.Mey. [7 species in south tropical Africa (Van Wyk, 1991; Boatwright et al., 2011) ]; Lotononis (DC.) Eckl. & Zeyh.
[91 species, all in sub-Saharan Africa but mostly southern Africa (Van Wyk, 1991; Boatwright et al., 2011) ]; Pearsonia Dümmer [13 species -12 in Africa and one on Madagascar (Polhill, 1974) ]; Rafnia Thunb. [20 species, all endemic to the Cape region (Campbell and Van Wyk, 2001) ]; Robynsiophyton R. Wilczek [one species in tropical Africa ]; Rothia Pers. [two species -one in Africa and one widespread in Asia to Australia (Boatwright et al., 2008b) ]; Wiborgia Thunb. [10 species, all endemic to the Cape region (Dahlgren, 1975; ] and Wiborgiella Boatwr.& B.-E.van Wyk [10 species, all endemic to the Cape region ].
In the Leguminosae, systematic wood anatomy has thus far focussed mostly on trees (e.g. Baretta-Kuipers, 1981 ) but studies of the tribe Podalyrieae (closely related to Crotalarieae) included several shrubby members and showed that taxonomically useful information may be obtained (Van Wyk and Schutte, 1995; Schutte and Van Wyk, 1998; Stepanova et al., 2013) . The wood structure of the tribe Crotalarieae has remained unstudied and undescribed despite the potential value of wood anatomical data in exploring the phylogenetic and systematic relationships of legumes. Crotalarieae genera with at least some woody members (i.e. shrubs or shrublets with perennial branches) include Aspalathus, Calobota, Leobordea, Lotononis, Pearsonia, Rafnia, Wiborgia and Wiborgiella, while the remaining genera (Bolusia, Euchlora, Ezoloba, Lebeckia, Robynsiophyton and Rothia) comprise annuals and/or perennial herbs with short-lived above-ground parts.
This exploratory paper evaluates, for the first time, the taxonomic value of wood anatomy in the tribe Crotalarieae. The aim was not only to provide high quality data for comparisons at tribal level but also to consider the feasibility of more detailed studies within and amongst some of the closely related genera.
Material and methods
A total of 35 wood specimens were examined, representing 29 different species. Most of the samples were collected by the second and third authors during field studies in South Africa in [2006] [2007] [2008] [2009] . Voucher specimens are deposited at JRAU, and various other institutions (Table 1) . The samples were taken mostly from stems with a secondary xylem radius of more than 5 mm, so that the wood structure may be considered mature. General vegetation types were based on personal observations, labels from herbarium specimens (whenever available) or on regional floristic accounts for South Africa (Goldblatt and Manning, 2000; Manning and Goldblatt, 2012) .
Evolutionary pathways for wood anatomical features were reconstructed by mapping their character states on a subsample of the majority-rule consensus tree recovered from the parsimony and Bayesian analyses of a data set combining two nuclear markers (nrITS and rbcL) for species of Crotalarieae (Boatwright et al., 2011) . Character optimization along tree branches was visualized using the parsimony ). 4: tangential diameter of vessels (average/min-max, μm). 5: average and the greatest number of vessels in a vessel group. 6: solitary vessels (%). 7: average length of libriform fibres (average/min-max, μm). 8: fibre to vessel element length ratio. 9: vertical size of intervessel pits (average/min-max, μm). 10: width of multiseriate rays (average and max, μm). 11: width of multiseriate rays (maximum, cells). 12: height of multiseriate rays (average and max, μm). 13: number of multiseriate rays per 1 mm. 15: number of uniseriate rays per 1 mm. 15: total number of rays per 1 mm. Voucher specimen numbers are abbreviated as in Table 1 reconstruction method with the Character History Tracing option in the computer package Mesquite 2.0 (Maddison and Maddison, 2011) . Transverse, radial and tangential sections were made on rotary microtomes (Ernst Leitz GMBH, Wetzlar, Germany and Jung AG Heidelberg, Germany) and stained with a 1:1 alcian blue/safranin mixture (35/65, v/v) . Macerations were made using Jeffrey's solution (Johansen, 1940) . The method of Carlquist (1982) to soften very hard woods with ethylenediamine was used, followed by soaking in 15% glycerol in ethanol or boiling in 10% glycerol solution. Descriptive terminology follows IAWA Committee (1989).
Results

Wood structure
The results are summarized in Table 2 (Fig. 1B) , indistinctly marked by 1-5-seriate bands of marginal axial parenchyma with 1 or 2 lines of flattened axial parenchyma strands and fibres {A. linearis [KK 48-11 ( Fig. 1C) , KK 50-11, KK 56-11 ( Fig. 1D) ]}, or distinct, marked by differences in diameter and frequency of vessels and vascular tracheids between late-and earlywood (A. nigra). Wood diffuse-porous. Storied vessel elements, fusiform cells and strands of axial parenchyma occur in A. excelsa, A. vulnerans (Fig. 1F ), A. nivea (Fig. 1G) , and A. linearis (Fig. 1H) (Fig. 5B ), or numerous, filling the pit chambers in A. nivea ( Fig. 5C ), vary from simple and unforked warts to strongly branched fine protuberances (only A. linearis and A. nivea were examined by SEM). Vessel-ray and vessel-axial parenchyma pits similar to intervessel pits in size and shape, narrow to distinctly bordered. Helical thickenings absent throughout the genus.
Fibres libriform, non-septate, mostly moderately thick-walled (A. vulnerans), moderately to very thick-walled (A. nivea, A. nigra), or mostly thick-walled, fibre walls 2-6 μm thick, with simple to minutely bordered pits. Gelatinous fibre walls occur in all species except A. vulnerans.
Axial parenchyma mostly fusiform, rarely in strands of 2-3 cells, vasicentric, aliform to confluent, in complete (rarely incomplete) 1-3-seriate sheaths near vessels (Fig. 1A) , banded in interrupted 1-3-seriate [A. nivea (Fig. 2) ] to 1-5-seriate (A. excelsa, A. linearis (Fig. 3) , KK 50-11, KK 51-11]) and 1-8-seriate (A. linearis (Fig. 1D) ) bands, or in 1-5-seriate marginal bands (A. vulnerans, , and diffuse {diffuse-in-aggregates in A. linearis (Fig. 1C) }.
Rays 1-3(4)-seriate in A. excelsa, A. nivea (Fig. 1G) and A. nigra, up to 5-seriate in A. vulnerans (Fig. 1F) , and distinctly wider in A. linearis (up to 10-seriate in KK 48-11 (Fig. 1H) , KK 50-11, KK 51-11, and up to 18-seriate in KK 56-11 (Fig. 1I) ), of procumbent and square cells mixed throughout the ray (A. nigra), or mostly of procumbent cells with square and upright cells in 1-3 (7) marginal rows or as solitary sheath cells in other species (incomplete sheaths occur in A. excelsa, A. linearis ). Uniseriate rays mostly of procumbent and square cells. Crystals absent. Silica bodies occur in ray and axial parenchyma cells of A. nigra (Fig. 1E) Growth rings distinct, marked by tangential bands of marginal parenchyma [C. cuspidosa, C. cytisoides ( Fig. 2A) , C. sericea, C. angustifolia, C. cinerea (Fig. 2B) , C. spinescens], by differences in frequency of vessels in early-and late wood (C. cinerea, C. cuspidosa, C. lotononoides, C. psiloloba, C. spinescens), by vessel arrangement [C. cinerea, C. cuspidosa, C. cytisoides, C. pungens (Fig. 2C) , C. sericea, C. lotononoides, C. spinescens, C. psiloloba] and also rows of radiallyflattened fibres (C. cuspidosa). Wood diffuse-porous (C. angustifolia, C. cinerea [JSB 150], Calobota cytisoides), or tending to be semi-ringporous in all other species examined. Storied vessel elements, fusiform cells and strands of axial parenchyma occur in C. cytisoides (Fig. 2D) , C. lotononoides, C. psiloloba, C. pungens (Fig. 2F) and C. spinescens.
Vessels rounded, sometimes angular in outline, narrow to slightly wider (average tangential diameter 22-33 μm). Vessel frequency from 43 per mm 2 in C. sericea to 169 per mm 2 in C. lotononoides. Vessels solitary, in clusters and radial multiples of 2-8 (-15) (mostly in radial multiplies in C. cinerea), or mostly in large aggregations in C. cuspidosa, C. lotononoides, C. pungens and C. spinescens. Vessels and vessel groups arranged in diagonal or dendritic pattern in C. cinerea (Fig. 2B) , C. sericea, up to continuous diagonal to dendritic aggregations (C. cuspidosa, C. lotononoides, C. psiloloba, C. pungens (Fig. 2C) , C. spinescens). Vessel walls 3-8 μm thick. Tyloses occur in C. cytisoides and C. sericea. Vascular tracheids absent.
Vessel elements (65-) 99-177 (-290) μm long. Perforation plates simple. Intervessel pits vestured, alternate (rarely opposite in C. pungens) and small, 3-6 (-7) μm in vertical length with rounded or oval margins, becoming scalariform in some vessels of Calobota pauciflora. Vestures in C. cuspidosa (Fig. 5D ) rather numerous, adjacent to the inner pit apertures, vary from simple and unforked warts to strongly branched fine protuberances (only C. cuspidosa was examined by SEM). Vessel-ray and vessel-axial parenchyma pits similar to intervessel pits in size and shape, narrow-bordered. Helical thickenings absent.
Fibres libriform, non-septate, very thick-walled, thin to moderately thick-walled in C. cytisoides, C. cuspidosa and C. spinescens; fibre walls 1.5-6.0 (-8.0) μm, with simple to minutely bordered pits.
Axial parenchyma mostly fusiform, sometimes in strands of 2 cells, vasicentric, in complete (rarely incomplete) sheaths near vessels 1-3 (up to 9) cells wide, sometimes confluent [C. angustifolia, C. cytisoides ( Fig. 2A) , C. psiloloba, C. pungens (Fig. 2C) ], banded in 1-3-seriate lines (C. lotononoides, C. spinescens) and also in 2-5-seriate bands (up to 12-seriate in C. cytisoides ( Fig. 2A) and C. sericea), and diffuse (occasionally diffuse-in-aggregates in C. angustifolia, C. cinerea, C. sericea). Marginal bands of axial parenchyma occur in C. cuspidosa, C. cytisoides ( Fig. 2A) , C. sericea, C. angustifolia, C. cinerea (Fig. 2B) and C. spinescens.
Rays 1-3(4)-seriate ( Fig. 2D, E) , up to 5 cells wide in C. sericea and C. pungens (Fig. 2F) , and up to 8 cells wide in C. psiloloba, of procumbent and square cells mixed throughout the ray (C. angustifolia, C. cuspidosa, C. psiloloba, C. cinerea (Fig. 2E) , C. sericea), or mostly of procumbent cells with square and upright cells in 1-3 marginal rows and incomplete sheaths as solitary sheath cells [multiseriate rays only of procumbent cells occur in C. cuspidosa, C. psiloloba and C. pungens (Fig. 2F) Growth rings absent (C. agatifolia, C. pallida) or distinct (C. capensis (Fig. 2D) ), marked by difference in fibre wall thickness between lateand earlywood, and also by 2-6 rows of slightly flattened earlywood fibres. Wood diffuse-porous. Storied vessel elements or axial parenchyma not observed.
Vessels mostly rounded in outline, narrow (average tangential diameter ca. 34 μm), and numerous (vessel frequency 129 per mm 2 ). Vessels mostly in radial to diagonal multiples of 2-6 (C. pallida) or 2-8 (-10), sometimes solitary. Vessel walls 3-7 μm thick. Vascular tracheids absent.
Vessel elements (98-) 203 (-301) μm long. Perforation plates are simple. Intervessel pits vestured, alternate, small (3-7 μm in vertical size), with rounded or oval margins. Vestures (Fig. 5E ) numerous, filled the pit chambers, vary from simple unforked warts to strongly branched fine protuberances (only C. capensis was examined by SEM). Vessel-ray and vessel-axial parenchyma pits mostly similar to intervessel pits in size and shape, mostly distinctly bordered. Helical thickenings absent.
Fibres libriform, non-septate, thin-to-thick to very thick-walled, fibre walls 3-9 μm thick, with simple to minutely bordered pits. Gelatinous fibre walls common.
Axial parenchyma in strands of 2-4 cells (also fusiform in C. pallida), scanty paratracheal, in incomplete uniseriate sheaths (C. capensis (Fig. 2D) , C. pallida), or vasicentric, in 1-3-seriate sheaths near vessels and vessel groups.
Rays 1-3(4)-seriate, of procumbent and square cells with upright cells in 1-3 marginal rows and in incomplete sheaths (C. agatifolia, C. pallida), or mostly of procumbent cells, sometimes with few square and upright cells in 1-5 marginal rows and as solitary sheath cells [C. capensis (Fig. 2H) ]. Crystals absent. Silica bodies common in ray and axial parenchyma cells.
Leobordea Leobordea mollis [BEVW 3105], Leobordea decumbens [BEVW 2508], and Leobordea adpressa [BEVW 1916].
Growth rings indistinct to distinct, marked by 1-3-seriate bands of marginal axial parenchyma (L. adpressa, L. decumbens) or by 2-12-seriate ones [L. mollis (Fig. 3A) ], or by 6-15-seriate bands of radiallyflattened narrow vessels, vascular tracheids and axial parenchyma strands, by differences in vessel diameter (L. mollis) and also in vessel frequency (L. decumbens) between late-and earlywood. Wood diffuseporous (L. adpressa, L. mollis) or semi-ring-porous (L. decumbens). Storied vessel elements, fusiform cells and strands of axial parenchyma occur (Fig. 3B) .
Vessels angular to rounded in outline, very narrow (vessel tangential diameter b 20 μm), and numerous (vessel frequency 68 per mm 2 in L. mollis, and 334 per mm 2 in the other two species). Vessels solitary, in clusters (up to 6 vessels in L. decumbens, and up to 12 in L. adpressa and L. mollis) and in radial to diagonal multiples [up to 5 vessels in L. adpressa, and up to 8 vessels in L. decumbens and L. mollis (Fig. 3A) ]
showing a tendency towards a diagonal or dendritic arrangement. Vessel walls 1.5-3.2 μm thick. Vascular tracheids absent. Vessel elements (68-) 100-108 (-158) μm. Perforation plates are simple. Intervessel pits vestured, alternate (sometimes scalariform in Lotononis sericophylla and Lotononis rigida), small (3-6 μm in vertical size), with rounded or oval margins. Vestures in L. decumbens (Fig. 5F ) rather numerous, adjacent to the inner aperture, vary from simple warts to unbranched or weakly branched coarse protuberances (only L. decumbens was examined by SEM). Vessel-ray and vessel-axial parenchyma pits mostly similar to intervessel pits in size and shape, narrow to distinctly bordered. Helical thickenings absent.
Fibres libriform, non-septate, very thick-walled, fibre walls 3-5 μm thick, with simple to minutely bordered pits. Gelatinous fibre walls common.
Axial parenchyma mostly fusiform, rarely in strands of 2 cells, vasicentric to confluent in complete (rarely incomplete) 1 or 2-seriate (L. adpressa) or 1-5-seriate [L. decumbens, L. mollis (Fig. 3A) ] sheaths near vessels and vessel groups, banded in 1-3-seriate continuous marginal rows (L. adpressa, L. decumbens) or in 2-14-seriate continuous bands, some of them are marginal [L. mollis (Fig. 3A) ], and diffuse (also diffuse-in-aggregates in L. adpressa).
Rays 1-6(8)-seriate (L. adpressa) or 1-10(14)-seriate [L. decumbens, L. mollis (Fig. 3B) Growth rings absent in L. divaricata (Fig. 3C ), or distinct, marked by 1-3-seriate bands of marginal axial parenchyma in L. rigida, or by 6-15-seriate bands of radially-flattened narrow vessels, vascular tracheids and axial parenchyma strands, and also by differences in vessel diameter and arrangement between late-and earlywood in L. sericophylla (Fig. 3D) . Wood diffuse-porous. Storied vessel elements, fusiform cells and strands of axial parenchyma occur in L. sericophylla (Fig. 3F) .
Vessels angular to rounded in outline, very narrow (average tangential diameter ca. 20 μm), and numerous (vessel frequency ca. 350 per mm 2 in L. divaricata and L. sericophylla, and N 600 per mm 2 in L. rigida). Vessels solitary, in clusters and diagonal to radial multiples in L. rigida, or mostly in large groups (N10 vessels) arranged into diagonal to dendritic pattern (Fig. 3C, D) . Vessel walls 1.5-3 μm thick. Vascular tracheids common in L. sericophylla and L. divaricata, absent in L. rigida.
Vessel elements (55-) 123 (-185) μm long in L. divaricata, but somewhat longer (74-) 153-161 (-304) μm in L. sericophylla and L. rigida. Perforation plates simple. Intervessel pits vestured, alternate, small (3-6 μm in vertical size), with rounded or oval margins. Vestures in L. sericophylla (Fig. 5G) scanty, located at edge of inner aperture, appear as simple rounded warts (only L. sericophylla was examined by SEM). Vessel-ray and vessel-axial parenchyma pits mostly similar to intervessel pits in size and shape, narrow to distinctly bordered. Helical thickenings common in narrow vessels of L. sericophylla (Fig. 5A) and L. divaricata, and absent in L. rigida.
Axial parenchyma mostly fusiform, rarely in strands of 2 cells (L. sericophylla), scanty paratracheal (L. rigida) or vasicentric to confluent (L. divaricata, L. sericophylla) in complete (rarely incomplete) sheaths near vessels and vessel groups (Fig. 3C, D) , also banded in 1-3-seriate interrupted to continuous (marginal) rows (L. rigida), and diffuse.
Rays 1 or 2-seriate, composed of upright and square cells(L. rigida), or 1-10(12)-seriate [(L. divaricata (Fig. 3E)) ] mostly of procumbent cells with square and upright cells in 1-3 marginal rows or in incomplete sheaths (L. divaricata, L. sericophylla). In L. sericophylla rays of two distinct sizes common: uniseriate and 4-12-seriate (Fig. 3F) . Uniseriate rays in L. divaricata and L. sericophylla mostly of procumbent and square cells (L. divaricata, L. sericophylla), or upright cells (L. rigida). Crystals absent. Silica bodies in ray (Fig. 3G) and axial parenchyma cells in all three species examined.
Rafnia
Rafnia amplexicaulis and Rafnia angulata ssp. angulata .
Growth rings absent in R. angulata ssp. angulata, and indistinctly marked by 1-5-seriate bands of marginal axial parenchyma with 1 or 2 lines of flattened axial parenchyma strands and fibres, and by differences in vessel diameter between late-and earlywood in R. amplexicaulis (Fig. 3H) . Wood diffuse-porous in R. angulata ssp. angulata and semi-ring porous in R. amplexicaulis. Storied vessel elements, fusiform cells and strands of axial parenchyma occur in R. amplexicaulis (Fig. 3I) .
Vessels rounded, in R. angulata ssp. angulata also angular in outline, narrow (average tangential diameter ca. 50 μm). Vessel frequency ca. 60 per mm 2 . Vessels in clusters and radial multiples of 2-6 (up to 11), rarely solitary, tending to be arranged in a tangential to diagonal pattern. Vessel walls 2-5 μm thick. Tyloses and brownish deposits in vessels in R. angulata ssp. angulata. Vascular tracheids absent.
Vessel elements (87-) 147 (-196 ) μm long in R. amplexicaulis, but somewhat longer (123-) 179 (-312) μm in R. angulata ssp. angulata. Perforation plates simple. Intervessel pits vestured, alternate (rarely scalariform), small (3-6 μm in vertical size), with rounded or oval margins. Vestures in R. angulata ssp. angulata (Fig. 5H) scanty, located at edge of inner aperture, appear as strongly branched fine protuberances (only R. angulata ssp. angulata was examined by SEM). Vessel-ray and vessel-axial parenchyma pits mostly similar to intervessel pits in size and shape, narrow to distinctly bordered; vertical ray-vessel pits rare. Helical thickenings absent throughout the genus.
Fibres libriform, non-septate, very thick-walled, fibre walls 3-6 μm thick (up to 8 μm in R. amplexicaulis), with simple to minutely bordered pits. Gelatinous fibre walls common.
Axial parenchyma mostly fusiform, rarely in strands of 2 cells, vasicentric and unilaterally paratracheal, in complete (rarely incomplete) sheaths near vessels, and diffuse, also confluent (R. angulata ssp. angulata), or in 1-5-seriate marginal bands [R. amplexicaulis (Fig. 3H)] .
Rays 1-8(12)-seriate (up to 14-seriate in R. angulata ssp. angulata), mostly of procumbent cells with square and upright cells in 1-3 marginal rows as solitary sheath cells (Fig. 3I) . Uniseriate rays mostly of procumbent and square cells. Crystals absent. Silica bodies in ray and axial parenchyma cells of R. amplexicaulis.
Wiborgia
Wiborgia monoptera [JSB 152] and Wiborgia obcordatum . Growth rings distinct, marked by differences in frequency and diameter of vessels between early-and late wood, by vessel arrangement, also by lines of marginal parenchyma (Fig. 4A) . Wood tends to be semi-ring-porous. Storied vessel elements or axial parenchyma not observed.
Vessels rounded, sometimes angular, narrow (up to 50 μm) in W. monoptera and moderately wide (up to 92 μm) in W. obcordatum Vessel frequency from 53 per mm 2 in W. obcordatum to 112 per mm 2 in W. monoptera. Vessels solitary, in clusters and radial multiples of 2-6 (up to 8 in W. obcordatum, and up to 21 in W. monoptera). Vessels and vessel groups tend to be arranged in a diagonal or dendritic pattern (Fig. 4A ). Vessel walls 3-5 μm thick. Brownish deposits in vessels in W. monoptera. Vascular tracheids absent. Vessel elements (57-) 100-123 (-150) μm long. Perforation plates simple. Intervessel pits vestured, alternate, small (3-5 μm in vertical size). Vestures in W. obcordatum (Fig. 5I) numerous, filling the pit chambers, vary from simple unforked warts to strongly branched fine protuberances (vestures in W. monoptera were not examined by SEM). Vessel-ray and vessel-axial parenchyma pits similar to intervessel pits in size and shape, narrow-bordered. Helical thickenings absent.
Fibres libriform, non-septate, very thick-walled, fibre walls 3-5 μm thick, with simple to minutely bordered pits.
Axial parenchyma mostly fusiform, sometimes in strands of 2 cells, vasicentric, in complete (rarely incomplete) 1 or 2-seriate sheaths near vessels, banded in 1 or 2-seriate lines associated with growth ring boundaries, and diffuse (Fig. 4A) .
Rays 1-3(4)-seriate in W. monoptera (Fig. 4A) Growth rings distinct, marked by differences in frequency of vessels in early-and late wood, by vessel arrangement, and in W. bowieana also by lines of marginal parenchyma (Fig. 4C) . Wood tends to be semi-ringporous. Storied vessel elements, fusiform cells and strands of axial parenchyma occur in W. leipoldtiana.
Vessels rounded, sometimes angular in outline, narrow (tangential diameter up to 42 μm in W. bowieana). Vessel frequency 264-268 per mm 2 . Vessels solitary, in clusters and radial multiplies of 2-10 (up to 24 in W. leipoldtiana). Vessels and vessel groups tend to be arranged in a diagonal or dendritic pattern. Vessel walls 3-5 μm thick. Brownish deposits in vessels (very common in W. leipoldtiana). Vascular tracheids absent.
Vessel elements (81-) 99-139 (-218) μm long. Perforation plates simple. Intervessel pits vestured, alternate, small (3-5 μm in vertical size). Vessel-ray and vessel-axial parenchyma pits similar to intervessel pits in size and shape, narrow-bordered. Helical thickenings absent.
Axial parenchyma mostly fusiform, sometimes in strands of 2 cells, vasicentric, in complete (rarely incomplete) 1 or 2-seriate sheaths near vessels, banded in 1-3-seriate lines associated with growth ring boundaries, and diffuse (Fig. 4C) .
Rays 1-3-seriate in W. bowieana (Fig. 4D) , and 1-5-seriate in W. leipoldtiana, of square and procumbent cells with numerous upright cells in 1-4 marginal rows and incomplete sheaths. Uniseriate rays of square and upright cells. Crystals absent.
Character evolution within the Crotalarieae
Character states for the quantitative wood features listed in Table 2 as well as for some qualitative ones were plotted on a subsample of the majority-rule consensus tree for the combined analysis of nrITS and rbcL data for Crotalarieae (Boatwright et al., 2011) . Patterns of variation for three wood features, viz. vessel arrangement (Fig. 6A) , width of axial parenchyma bands (Fig. 6B) , and maximum ray width (Fig. 6C ) are apparently consistent with the topology of the phylogenetic tree.
Discussion
The taxa of the tribe Crotalarieae examined in the present study are rather uniform in their wood structure, which is also typical for many other genera of Papilionoideae (Metcalfe and Chalk, 1950; BarettaKuipers, 1981) and characterized by short vessel elements, exclusively simple perforation plates, vestured pits, etc. This group, however, can be distinguished from the closely related genistoid tribes Thermopsideae, Podalyrieae and Genisteae by the absence of helical thickenings on the vessel walls in all but two species of Lotononis. This feature is shared by all the species of these tribes examined to date with the exception of Calpurnia, Virgilia and Cadia, the members of Podalyrieae (Metcalfe and Chalk, 1950; Yatsenko-Khmelevsky, 1954; Grosser, 1977; Fahn et al., 1986; Schweingruber, 1990; Gasson, 1994; InsideWood, 2004 -onwards, Stepanova et al., 2013 . Thus, the loss of helical thickenings may be considered as a synapomorphy for Crotalarieae, with a reversal to this character state within Lotononis.
Five major lineages, viz. the Crotalaria clade, Lotononis s.str., Leobordea, Listia, and the "Cape" clade (represented in our material by the genera Aspalathus, Calobota, Wiborgia, Wiborgiella and Rafnia) have been recognized in Crotalarieae on the basis of molecular phylogenetics and macromorphology (Boatwright et al., 2008a (Boatwright et al., , 2011 . None of these lineages (except the non-woody Listia that was not examined in the present study) show any wood anatomical traits that can serve as synapomorphies. Generally, the pattern of wood structure diversity within these groups is related more to the growth habits of the plants and probably to environmental factors than to their taxonomy or phylogenetic relationships. The striking wood anatomical differences between Lotononis rigida (section Aulacinthus, all from the winterrainfall region of the Cape) and the closely related species L. divaricata and L. sericophylla (section Krebsia, all from the summer-rainfall grassland region) suggests that a more detailed study of this genus will yield valuable results.
The species of the Crotalaria clade share the lack of any pattern of vessel arrangement, the absence of banded axial parenchyma, and narrow rays (up to four cells wide). Each of these character states occurs elsewhere within Crotalarieae, but their combination is distinctive for the Crotalaria clade, which represents the most basally diverged lineage in the tribe. This combination may be considered as the ancestral (symplesiomorphic?) condition for Crotalarieae (Fig. 6A-C) whereas the crown subclades show shifts to diagonal or dendritic vessel arrangements, to banded axial parenchyma as well as the widening of axial parenchyma bands or/and multiseriate rays. A transition to diagonal vessel arrangement occurred also within Crotalaria: this character is reported for Crotalaria saharae, a dwarf shrub from sand desert in Libya (Schweingruber et al., 2011) .
Although the genera of the "Cape" clade show a rather wide range of wood variation, no diagnostic wood characters were revealed for any of them. Only Rafnia appears to be distinctive by the combination of relatively wide vessels (average diameter ca. 50 μm) arranged into a tangential to diagonal pattern, and the occurrence of wide (more than 10-seriate) rays. Wiborgiella, Wiborgia and most species of Calobota differ from other members of the Cape clade by the more or less distinct dendritic vessel arrangement (Fig. 6A ). This feature is common in shrubs from Mediterranean environments (Schweingruber, 1990; Schweingruber et al., 2011) , suggesting an adaptation for hydraulic safety in case of water stress during the dry season (Carlquist, 1987 (Carlquist, , 2001 Baas and Schweingruber, 1987) . In our material, the most pronounced vessel arrangement involving fusion of some vessel groups into large dendritic aggregations was also found in the shrubby species growing in temporarily dry habitats, such as Calobota lotononoides which grows on sand dunes in coastal fynbos, C. psiloloba on the sides of streams in grasslands of the northern and eastern Cape, and a few shrubs occurring in karroid scrubs (C. cuspidosa, C. pungens, C. spinescens). Some species from karroid scrubs (C. angustifolia, C. cytisoides) and fynbos (Aspalathus excelsa, A. linearis, A. nigra) show no dendritic vessel pattern, however. These species may have adaptations for hydraulic protection other than the formation of vessel aggregations.
The mapping of characters on the molecular tree suggests that the absence of banded axial parenchyma is an ancestral condition for the "Cape" clade (Fig. 6A) . This feature appears independently in three lineages, viz. in Aspalathus + Wiborgia + Wiborgiella, Rafnia, and in crown species of Calobota. The abundance of banded parenchyma varies considerably within the genera and even within a species, as the samples of A. linearis show. Decumbent forms of this species (sample KK 56-11) have 5-7-seriate bands of axial parenchyma whereas in upright forms ) the band width does not exceed five cells. This feature, in combination with the very wide (up to 18-seriate) rays of the decumbent form, shows a common syndrome occurring in many plants with lianescent and other non-self-supporting habits (Carlquist, 1985; Rowe et al., 2004; Angyalossy et al., 2012) .
The genus Lotononis s. str., recognized recently as a separate major lineage (Boatwright et al., 2011) , is also characterized by a diagonal to dendritic vessel arrangement but without fusion of vessel groups into large aggregations. Moreover, the shrublets L. sericophylla and L. divaricata are distinctive from other Crotalarieae species examined by the presence of vascular tracheids and the occurrence of helical thickenings in narrow vessels. These features are complementary to Fig. 6 . Distribution of the wood character states mapped onto a subsample of the majority-rule consensus tree for the combined analysis of the nrITS and rbcL data for Crotalarieae (modified from Boatwright et al., 2011) . (A) pattern of vessel arrangement (white -vessels scattered without distinct pattern; dashed -tangential, diagonal or dendritic vessel arrangement without fusion of vessels and vessel groups into large aggregations; black -vessels and vessel groups fused into tangential, diagonal or dendritic aggregations); (B) width of axial parenchyma bands (white -bands absent; dashed -1-3-seriate bands; black -N3-seriate bands); (C) maximum width of rays (white -5-seriate; dashed -6-10-seriate; black -N10-seriate).
the dendritic vessel arrangement in the adaptive syndrome of wood characters reported for many shrubs from Mediterranean environments (Baas and Schweingruber, 1987; Schweingruber et al., 2011) . It is interesting to note that L. sericophylla and L. divaricata occur in grassland of the summer rainfall regions (where winters are cold and dry), while L. rigida grows in Renosterveld vegetation where winters are wet and summers are dry. L. rigida differs by lacking helical thickenings and vascular tracheids, and by having uni-and biseriate rays (in contrast to 1-12-seriate rays in L. sericophylla and L. divaricata). It is likely that these wood traits of L. rigida are related to the dwarf shrubby habit of this plant.
The three Leobordea species were formerly classified in the section Leptis of Lotononis (Van Wyk, 1991; Boatwright et al., 2011) . Both genera share the diagonal and dendritic vessel arrangement (less pronounced in Leobordea than in Lotononis) and wide rays (with the exception of Lotononis rigida). Leobordea has shorter vessel elements, a distinctly higher F/V ratio and more abundant paratracheal and banded axial parenchyma than Lotononis, but this quantitative difference appears too weak for diagnostic and systematic purposes.
Micromorphological characters of vestured intervessel pits could probably be useful for the systematics of Crotalarieae, as has been suggested for other taxa (Jansen et al., 2001 ). As our data revealed, the species of Crotalaria (Fig. 5E ) and of the "Cape" clade (Fig. 5C, D, H, I ) share the presence of vestures, appearing as strongly branched fine protuberances, whereas Lotononis s.str. (Fig. 5G) and Leobordea (Fig. 5F) show unbranched or weakly branched coarse vestures. Moreover, Rafnia is distinctive from Crotalaria and other members of the "Cape" clade by having fewer vestures in the pit chambers, and Lotononis can also be distinguished from Leobordea by the same character. These suggestions, however, are based on data for only two Aspalathus species and a single species of the other genera excluding Wiborgia. Additional data on the microstructure of vestured pits are needed to evaluate the importance of this character for the systematics and phylogenetics of the Crotalarieae.
Therefore, our study revealed considerable variation of some wood traits within the South African species of the tribe Crotalarieae as well as within certain genera. However, there are noteworthy discontinuities in this variation (apparently partly geographical and partly taxonomic), that deserve further exploration using a more complete sampling. Additional studies of these discontinuities may provide a better understanding of the ways in which the secondary xylem of southern African genistoid legumes have adapted to wet winters and summer aridity in the western parts of the subcontinent or to wet summers and winter aridity in the eastern regions.
